Introduction
based on the concentrations of PNMs reported in surface waters (Heberer 2002) . The predicted no-effect concentrations of HHCB and AHTN (see Table 1 for a list of PNM abbreviations used in this paper) have been reported as 6,800 ng/L and 3,500 ng/L respectively (HERA 2004) . Luckenbach and Epel (2005) reported that exposure of marine mussels to PNM concentrations above 22,000 ng/L inhibited excretion of other xenobiotics. The European community has limited the use of nitro musks in consumer products as a result of toxicological concerns for humans and the environment (Rimkus 2004) . The requires reduction of the releases of persistent, bioaccumulative, toxic substances that are primarily the result of human activities (Environment Canada 2004) . Since there is evidence of persistence and bioaccumulation of PNMs in the environment, as well as indications of toxicity, discharges of PNMs may need to be reduced.
PNMs are produced by human activities and are released into wastewater after the use of consumer products (Salvito et al. 2004) . Consequently, their presence in the environment is due to wastewater effluent discharges and land application of biosolids (Eschke 2004; Yang and Metcalfe 2006) . Reduction of PNM discharges to the environment requires an understanding of their occurrence and fate during wastewater treatment.
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Previous investigators in Europe and North America have examined musk removal from wastewater and the presence of musks in sludge (Simonich et al. 2002; ArtolaGaricano et al. 2003; Bester 2004; Kupper et al. 2004; Lishman et al. 2006; Yang and Metcalfe 2006) . HHCB and AHTN are the most prevalent PNMs reported, with effluent concentrations in the microgram per litre range and sludge concentrations in the microgram per gram range. Most previous reports have been based on one-time sampling sequences of influent and effluent, and/or have been conducted in geographic regions with moderate climates. There is a need to examine the fate of PNMs during wastewater treatment in temperate climates such as Canada, and to amass larger data sets to assess the variability of PNM measurements in wastewater and sludge. The purpose of this research was to create a large data set for determination of the removal and/or partitioning to sludge of PNMs through the primary and secondary wastewater treatment processes of a conventional activated sludge plant, and to correlate removal and partitioning with seasonal process temperatures. 
Materials and Methods
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Results
Conventional Parameters and Temperature
A description of the wastewater treatment system performance provides the context for observations of removal of trace contaminants. Table 2 lists the median concentrations of aggregate organic and nitrogen species in each stage of the treatment process at this conventional secondary treatment plant. This plant was receiving medium to high strength wastewater (Metcalf and Eddy Inc. 2003) , achieving typical removals of COD (90%), cBOD (95%), and TSS (91%), and achieving partial to full nitrification as evidenced by the low effluent ammonia values. Fig. 2 summarizes the temperatures at each liquid sampling-point for each sampling period. Process temperatures were divided into two ranges for data analysis: Warm (mean 22°C) and cold (mean 15°). As Table 2 indicates, concentrations of conventional parameters and removals of COD, cBOD , and TSS were essentially the same during the warm and cold sampling periods.
Median values for mixed liquor suspended solids (MLSS) were 1,900 mg/L in the warm sampling periods and 2,020 mg/L in the cold sampling periods. Median hydraulic retention time (HRT) in the aeration tank was 9 hours at both temperature ranges. Solids retention time (SRT) for each sampling event was estimated using measured values for COD removal, mixed liquor volatile (Metcalf and Eddy Inc. 2003) .This estimation exercise showed that the median SRT in the aeration tank was 7.5 days at both temperature ranges. Table 4 summarizes mean musk concentrations in sludge samples. Of the polycyclic musks, HHCB was detected at the highest concentrations in both the primary sludge (26,600 ng/g warm, 24,800 ng/g cold) and WAS (25,200 ng/g warm, 38,800 ng/g cold). AHTN was the second highest detected musk in all sampling periods, AHDI was consistently detected in the lowest concentrations, and DPMI was never detected. Of the nitro musks, MK was detected at the highest concentrations in both the primary sludge (228 ng/g warm, 352 ng/g cold) and WAS (413 ng/g warm, 724 ng/g cold). MX was the second highest detected musk in all sampling periods, MA was detected in only 9 of 47 samples, and MM and MT were never detected. The CoV for sludge concentrations ranged from 22 to 104% for the 4 data sets (2 sludge locations, 2 temperatures) and 7 musks consistently detected in sludge, with most CoV values found between 22 and 45%. This level of variability in results is typical to somewhat high for trace analysis since the sludge matrix can be more variable than other environmental samples such as sediment.
For the purposes of this study, "removal" was defined as the change in concentration of the parent musk compound 
Percent Reduction in Musk Concentrations
Musks in Primary and Waste Activated Sludge (Water Environment Federation, 1998) . Mean ferrous chloride dosing was 11 mg/L (warm, range 7.4 to 20 mg/L) and 13 mg/L (cold, range 7.0 to 19 mg/L). Therefore suspended solids entering the primary clarifier were not different between warm and cold periods. Mean MLSS were 1,940 mg/L (warm, range 984 to 3,030 mg/L) and 2,060 mg/L (cold, range 1,180 to 2,950 mg/L) which indicates that suspended solids in the aeration tank were not different between warm and cold sampling periods. Primary clarification HRT and TSS were not different between warm and cold sampling periods, and secondary treatment HRT and MLSS were not different between warm and cold sampling periods. The HRT for secondary treatment was 3.5 times higher than that for primary clarification, while the MLSS for secondary treatment was 10 times higher than the TSS in primary clarification; based on the above-cited work, one would expect to see a higher proportion of musks in WAS than in primary sludge. Such a trend was observed for ADBI, ATII, HHCB, AHTN, MX, and MK during the cold sampling periods, but only for ATII, MA, and MK during warm periods (Table 4) .
The extent of musk partitioning to sludge during primary and secondary treatment was estimated using a ratio of corresponding sludge and effluent concentrations (i.e., primary sludge to primary effluent; WAS to secondary effluent). The ratios for ADBI, ATII, HHCB, AHTN, MX, and MK are illustrated in Fig. 6 . Each musk was considered individually, and comparisons were made between warm and cold periods and primary and secondary treatment using the mean values for each data set. Comparison of temperature ratios within the same treatment stage showed that ADBI and HHCB had different ( = 0.05) sludge to effluent ratios during primary treatment while MX had a different ratio during secondary treatment. Comparison of treatment stage ratios within the same temperature showed that the partitioning ratios were different ( = 0.05) between primary and secondary treatment for all musks at both temperatures. These results indicate that the characteristics of the treatment stage have more effect than process temperature on the partitioning of PNMs to sludge. The much higher degree of musk partitioning to sludge during secondary treatment could be attributed to the longer HRT and higher MLSS. Additionally, the recycling of activated sludge containing musks from the secondary clarifier back into the aeration tank will contribute to the higher sludge to effluent ratio observed in this treatment stage. At longer SRTs, a lower proportion of the activated sludge is wasted and a higher proportion is returned to the aeration tank to maintain a higher MLSS; therefore, the SRT of the process contributes to the accumulation of musks in WAS. however the amount and types of industrial inputs to the treatment plant can also affect influent concentrations of musks. Therefore, this type of correlation model would be plant-specific. Musk influent concentrations do not demonstrate any seasonal dependency (Table 3 and Yang and Metcalfe 2006) . The influent concentrations of musks as reported by North American and European researchers vary widely and are generally much higher than those reported in this study (Table 6 ). This wide range of results supports previous observations that the concentration of PNMs in wastewater influent is a function of local usage patterns (Simonich et al. 2002) . 
Discussion
Musks in Influent and Effluent
Interstage Removal of Musks During Wastewater Treatment
148
The work by Paasivirta and coworkers demonstrated that the temperature dependence of solid vapour pressure, liquid vapour pressure, water solubility, and therefore the Henry's law constant were significant, while the temperature dependence of was small. The relationship between process temperature and removal of musks from the liquid phase during primary treatment has important implications for those Canadian wastewater treatment plants that only use primary treatment (about 14% of Canadian population [Environment Canada, 2001] ).
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Similarly, there are some previous reports of musk concentrations in WAS. Reported concentrations vary more widely for this sludge type. This study showed maximum values of 52,100 ng/g (HHCB), 13,600 ng/g (AHTN), 1,050 ng/g (MK), and 767 ng/g (MX). Ternes and coworkers (2005) , Blok and Rijs (cited in Fooken 2004) , and Artola-Garicano and coworkers (2003) reported concentrations in the same order of magnitude as the present results. Once again, the work reported by Artola-Garicano and coworkers reported results in micrograms per litre; a WAS solids content of 0.5 to 1% was used to convert concentrations to ng/g. Yang and Metcalfe (2006) reported concentrations of 6 polycyclic and 2 nitro musks in WAS; their results were about 10 times lower than those reported here. In addition, Llompart and coworkers (2003) in Spain reported concentrations of 6 polycyclic and 2 nitro musks in WAS with results about 100 times lower than ours. This wide range of results is most likely due to differences in the secondary treatment process (e.g., extended aeration, nitrification/denitrification) and/or differences in the analytical methods used for measurement.
In the present study, sludge to effluent ratios were used to determine correlations between musk content in sludge and the HRT of the process that generated the sludge. Ternes and coworkers (2004) reported a rapid method to measure the solid to water distribution coefficient ( ) for HHCB and AHTN in sewage sludge. They used batch equilibrium tests and analyzed the water and solid phases of the sludge. Simonich and coworkers (2002) estimated values using log values. These values are listed in Table 7 . For the current study, sludge to effluent ratios for polycyclic musks in primary treatment (6,450 L/kg for AHTN and 5,200 L/kg for HHCB) are similar to the values reported by Ternes and coworkers (2004) , while this study showed ratios for secondary treatment (25,300 L/kg for AHTN and 20,800 L/kg for HHCB) that are an order of magnitude higher. The CoV for both Ternes and coworkers' (2004) and the present values range from 29 to 42%; both data sets contained a similar amount of variability. The values reported by Simonich and coworkers (2002) are not specific to a type of sludge, thus making comparisons less relevant; their values are lower than reported here, but greater than the values reported by Ternes et al. (2004) for HHCB and AHTN. Batch equilibrium K values have not been reported for MK and MX; ratios for primary treatment from this study (2,630 L/kg for MK and 1,300 L/kg for MX) compare reasonably well with those estimated by Simonich, while ratios for secondary treatment (12,900 L/kg for MK and 13,500 L/kg for MX) are much higher than the estimated values. The CoV for values from this study were very high, ranging from 44 to 100%. The primary and secondary Conclusions 5 treatment systems were not at equilibrium since they were continuously receiving fresh influent; however, the sludge to effluent ratio for primary treatment still agreed well with previous reports. The sludge to effluent ratio for the secondary treatment system was much higher than previous reports because the secondary treatment system was receiving musk-enriched return activated sludge from the clarifier.
No significant temperature-related differences were observed between primary sludge concentrations or WAS concentrations of PNMs. The trend in sludge concentrations generally followed a simple mass balance prediction, with the assumptions of no losses of musks during treatment and equal solids partitioning for all musks. Longer HRT and higher suspended solids 
